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ABSTRACT

Cryogenic magnetostrictive materials, such as rare earth zinc crystals, offer high strains and high forces with minimally

applied magnetic fields, making the material ideally suited for deformable optics applications. For cryogenic temperature
applications, such as Next Generation Space Telescope (NGST), the use of superconducting magnets offer the possibility of a

persistent mode of operation, i.e., the magnetostrictive material will maintain a strain field without power. High temperature
superconductors (HTS) are attractive options if the temperature of operation is higher than 10 degrees Kelvin (K) and below

77 K. However, HTS wires have constraints that limit the minimum radius of winding, and even if good wires can be
produced, the technology for joining superconducting wires does not exist. In this paper, the design and capabilities of a rare

earth zinc magnetostrictive actuator using bulk HTS is described. Bulk superconductors can be fabricated in the sizes
required with excellent superconducting properties. Equivalent permanent magnets, made with this inexpensive material, are

persistent, do not require a persistent switch as in HTS wires, and can be made very small. These devices are charged using a
technique which is similar to the one used for charging permanent magnets, e.g., by driving them into saturation. A small

normal conducting coil can be used for charging or discharging. Very fast charging and discharging of HTS tubes, as short
as 100 microseconds, has been demonstrated. Because of the magnetic field capability of the superconductor material, a very

small amount of superconducting magnet material is needed to actuate the rare earth zinc. In this paper, several designs of
actuators using YBCO and BSCCO 2212 superconducting materials are presented. Designs that include magnetic shielding

to prevent interaction between adjacent actuators will also be described. Preliminary experimental results and comparison
with theory for BSSCO 2212 with a magnetostrictive element will be discussed.

Keywords: actuator, cryogenic, magnetostriction, NGST, optics, persistent, superconductor, Terzinol

INTRODUCTION

One goal of the NASA Origins program is the search for the origin of the universe. The Origins program is a NASA

Headquarters Space Science Program that includes several telescopes that will explore deep space. These telescope missions,
such as the Next Generation Space Telescope (NGST), will be searching for red-shifted stars which correlate to astronomical

time, the more red-shifted a star's spectrum is, the older the star. Red-slfifted stars are best observed in the infrared spectrum.
To keep the background interference as small as possible, the temperature of the telescope should be as cold as possible.

Mission concept studies for NGST suggest that the optical surfaces should be at 30 K. This also requires the actuators to
operate at that temperature. During the NGST mission, the telescope will be in the observatory mode most of the time during

which the optics must remain stable and within performance specifications. The actuators that adjust the optical figure of the
primary mirror must remain motionless without power during the observatory mode of NGST. This capability is what has

been referred to as "set and hold with power off."

For operation at 30 K, the high temperature superconductors (HTS), such as YBCO and BSCCO 2212, offer an opportunity
to incorporate these materials into actuator concepts while taking advantage of their persistence. These HTS materials are

available in two forms, wire and solids. For applications using HTS wires, a persistent switch which has two states, one that
shorts at cryogenic temperature and opens at high temperature must be used. At the present time there is no reliable



techniqueforjoiningtwoHTSwireaswouldberequiredinapersistentswitch.HTSsolidsarelessexpensiveanddonot
requirepersistentswitchesliketheHTSwire.Anactuatorconceptwillbedescribedinthispaperthatcouldbeusedon
NGSTclasstelescopemissionsandwhichusesHTSsolidsormonoliths.

ACTUATORCONCEPT

ThepersistencecapabilityofHTSmaterialsisveryattractiveforpotentialapplicationtoactuatorconceptsthatmusthaveset
andholdwithpoweroffcapabilityandthatmustoperateatcryogenictemperatures.A material that has high strain capability

at cryogenic temperatures is the "giant magnetostrictive" material Terzinol. This material is a single crystal grown from
Terbium, Dysprosium, and Zinc (TbDyZn). Single crystals of this material have strains as high as 0.5%. For example, a

TbDyZn crystal 25.4mm (one-inch) in length could change length by 127gm (.005 inches or 5 mils). This length change is

more than is usually required for fine tuning optics during on-orbit operations for changes due to thermal gradients.

Schematically, this type of actuator would be part of a two-tiered actuator system between the primary mirror backup
structure and the primary mirror as shown in Figure 1.

MhTor

Shape control actuator

Primrose suppo_l structure

Figure 1: Two tier actuator arrangement

The TbDyZn crystal is a magnetostrictive material that requires a magnetic field to align the magnetic domains. As higher
and higher magnetic fields are applied to the TbDyZn rod, the magnetic domains within the rod are rotated more and more.

This domain rotation causes the rod to change length until the applied field saturates the TbDyZn rod and the maximum
length change is achieved. A sketch of this actuator is shown in Figure 2.

Solenoid Coil HTS material

TbDyZn

Figure 2: Schematic of actuator

Normally, a solenoid coil is placed around the magnetostrictive rod to provide the magnetic field needed to cause the rod to
change length. If a solenoid coil were used, continuous power would need to be supplied to the coil to keep the
magnetostrictive rod strained. This has several drawbacks. First, the heat dissipation from the coil would be detrimental to

keeping the primary mirror of the telescope cold. Secondly, power would need to be supplied continuously which violates



theactuatorrequirementthatit shouldholdposition(strain)withpoweroff. Toovercomethesedrawbacks,weturntothe
HTSmonoliths.

Anactuatorisproposedconsistingofachargingcircuit,asuperconductingmonolithtube,aTerzinolactuationrod,anda
magneticfluxconfiningcase.Thesecomponentsaredescribedbelow.

CHARGINGMECHANISM

Inductionchargingofsuperconductingmonoliths(bulkmaterial)hasbeenattemptedwithlowtemperaturesuperconductors.
Inthe1970stheteclmiqueoffluxtrappingwasusedbyaStanfordUniversitygroupledbyRabinovichtostudythepersistent
magneticfieldtrappedinlow-Tosuperconductors.Recently,fluxtrappinghasbeenstudiedusingYBCOathighandlow
temperaturesandforBSCCOatlfightemperature.TheUniversityofTexas1'2'3obtainedthemostimpressiveperformanceof
fluxtrappingwithYBCOat77K. Highfields,ashighas10Tat50K,canbeproducedwithaYBCOsinglecrystaldisk
about25mmindiameterand10mmtlfick.

Thechargingmechanismusedinthepastconsistsofapplyingamagneticfieldwhenthematerialisnotsuperconducting,
thendecreasingthetemperatureuntilthematerialissuperconducting,andfinallyremovingthefield1'2'3.Thismannerof
chargingisnotconvenient,asthesampleneedstobecooledquickly,resultinginlargethermalstresses.Crackscandevelop
duringthecoolingperiod.In addition,it isnecessarytoincreasethetemperatureofthesuperconductorinordertoalterthe
magneticfield.Finally,sincethecoolingisrelativelyslow,theexternalmagnetfieldneedstobeappliedforlongtimes
(manyseconds),complicatingthedesignofthechargingcoils.

Fortheproposedactuators,adifferentmannerofchargingwillbeused.Thebasicprincipleconsistsinbringingthe
superconductortoitscriticalstate,wlfichoccurswhenthemaximumsuperconductingcurrentisachieved,andthenapplying
additionalfieldsatnear-constanttemperature.At thecriticalstate,themagneticfluxcanfreelymovein-and-outofthe
superconductor(fluxpumping),withsomedissipation,resultinginsmallincreasesintemperatureduetothelargethermal
capacityatthetemperaturesofinterest,20-40K. TheHTSmaterialatthesetemperaturesdoesnotexperiencequenching,
andlittleevidenceoffluxjumpinghasbeenobserved.

Thesuperconductorcanbedriventoacriticalstatewiththechargingcoilitself(fluxpumping),orbyasecondsetofcoils
thatinducelargeenoughcurrentsinthesuperconductorthatthecriticalstateisreachedatlowerfields(saturationpumping).
Forthepresentactuators,thesuperconductingmagnetandthechargingmagnetaresolenoids.Forthecaseofsaturation
pumping,thesaturationcoilismadefromatoroidalwindingaroundthesuperconductor.Anattractivefeatureoftlfis
chargingmechanismisthatfastpulsedcoilscanbeused,simplifyingthedesignofthechargingcoils.

It is importanttomatchthesuperconductortotheapplication,becauseoftheneedtodrivethematerialtoitscriticalstate.
YBCOmaterialhasveryhighcriticalcurrentdensityandfieldsatthetemperaturesofinterest(20-40K),andisdifficultto
machine.Theself-fieldsforYBCOareontheorderof10T for10-20mmdiameterdisks.BSSCO-2212materialonthe
otherhand,isrelativelyeasytomachineandhascriticalself-fieldsanywherebetween0.2-0.8T forthesamesize.Lower
fieldscanbeobtainedbymachiningthesampletosmallerdimensions.

Figure3showsthecriticalself-fieldsoftestsforBSSCO-2212tubesasafunctionoftemperature.Thesuperconducting
samplewasatube,25mmODand40mmlong,with5mmwalls.Thefieldwasmeasuredon-axis at the sample mid-plane.
The material was prepared by the centrifugal casting method 4. The material and the thickness are appropriate for applications
at 20-40 K with critical self-fields on the order of 0.2-0.6 T.

CHARGING CIRCUIT

Figure 4 shows a simple schematic of the electrical circuit. A power supply is used to charge a capacitor, wlfich is discharged

through the charging coil L1. The superconductor is represented as an inductor L2 in series with a variable resistor. The
variable resistor models the superconductor, limiting the current to values lower or equal to the critical current. The variable

resistor has zero resistance when the superconductor current is below critical.



Figure 3: Critical self-field vs. temperature (K) of a 25 mm OD BSCCO 2212 sample

It is assumed that the charging coil and the lfigh-Tc tube have good coupling coefficient. The currents in the charging coil

and the induced current in the lfigh-Tc tubes are shown in Figure 5. As the switch, $2, is closed, since the coils are well

coupled, the circuit looks like a short circuit, and the current rises rapidly. Increases in current in the charging coil, L1, are

balanced by opposite changes in current in the superconductor, L2. As the high-Tc superconductor reaches critical

conditions, the current in the superconductor remains steady at critical, and the load suddenly looks inductive, slowing down

the rate of rise of the current. The circuit looks like a coupled capacitor-inductor system, with a LC time constant. After the

charging circuit current reaches the maximum current and the current starts decaying, the superconductor is moved away

$1 $2
from the critical condition, and suddenly the inductive load disappears

and the circuit becomes a short circuit, with no voltage but large

current. With no driving voltage, the current in the charging coil

decreases very fast, without oscillations. The final result is that the

energy in the capacitor, minus the energy dissipated in the charging

coil, is transferred to the superconductor.

Figure 4: Schematic diagram of power supply



The process can be repeated until the

right current in the superconductor is
reached, as long as it is below the

critical current. The discharging
process is the opposite, with the

capacitor charged in the reverse
direction.

The switch can be a semiconductor

switch, realized with either a fast-

insulated gate bi-polar transistor

(IGBT) or a high power MOSFET. It
is also necessary to match the

impedance of the load by using a
transformer between the power supply

and the charging coil.
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Figure 5: Cun'ent wavefo1_ns in charging and superconducting coils

LOW TEMPERATURE MAGNETOSTRICTIVE MATERIALS

The magnetostrictive material chosen for this project was a single crystal consisting of Terbium, Dysprosium, and Zinc in the

stoichiometric ratio of Tb.6DYAZn 1. The performance curves for this composition, now named Terzinol, are shown in Figure

6. The major advantage shown in Figure 6 is that only 500 Oersteds of applied field is necessary to achieve a large
magnetostriction when operating at low compression. The choice of the composition used in this actuator was predicated by

the early polycrystalline work in this system s that indicated that the Tb.6DY.4 ratio would be a candidate material for further

study. A single crystal was prepared and shown to possess a magnetostriction of 5000 parts per million 6. This is a factor of

three better than the available room temperature magnetostrictive material known as Terfenol-D. Another advantage is that
tiffs material can be formed to any shape using machine tools and can withstand greater shear loads. These factors lead to an

increase in the design flexibility for magnetostrictive devices.
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Figm'e 6: (a) Magnetization and (b) magnetostriction vs. field for
Tb0.6DY0.4Zn at various axially applied compressive stresses at 77 K.

ACTUATOR DESIGN

Figure 7 shows a cross sectional view of the prototype actuator. The design principles are based on maintaining a magnetic
circuit with a high flux density and a minimal pre-stress to allow the Terzinol to operate in an optimal state. References s'6'7



providedesigncriteriainformationformagnetostrictivematerials.Tileforcetransferrodperfom_sthefunctionofapositionerfor
smallloads.

Figure7. Diagramofactuatorassemblyshowingacrosssectionalview.

CONCLUSIONS

Aconceptforacryogenicactuator,usingaTbDyZnmagnetostrictiverod(Terzinol)withamagneticfieldinducedviaa
persistentHTSmaterial,ispresented.Theactuatorconceptissimple,hasnomovingparts,andcanbemadesmalland
compact.Researchonthisactuatoriscontinuingandaprototypewillbefabricatedandtestedinacryogenicchamber.A
demonstrationisplannedtoshowtheactuatorcontrollabilityandresolutionof20nm.
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